Purpose Inhibition of the vascular endothelial growth factor receptor (VEGFR) with tyrosine kinase inhibitors (TKIs) is associated with cutaneous adverse effects that increase patient morbidity. Our objective was to examine the skin toxicity profile of anti-VEGFR TKIs and determine the changing incidence in clinical trials. Methods PubMed was queried for phase II or III trials of anti-VEGFR TKIs between 2000 and 2013 involving ≥50 patients. Adverse events were abstracted, with results presented in both fixed and random effects models. Odds ratios (OR) and 95 % confidence intervals (CIs) were estimated for studies with at least two arms. Results Across 82 included studies, all grades rash (OR, 2.68; 95 % CI, 2.45-2.94), hand-foot skin reaction (HFSR) (OR, 2.70; 95 % CI, 2.43-3.00), and pruritus (OR, 1.25; 95 % CI, 1.12-1.39) were associated with anti-VEGFR TKIs. Vandetanib had the highest incidence of rash (41 %), while sorafenib was most commonly associated with HFSR (37 %) and pruritus (14 %). The incidence of HFSR from 2000 to 2013 showed an upward trend (r 2 =0.042, p=0.10) and in sunitinib therapy increased significantly (r 2 =0.237, p=0.04). Conclusion The incidence of HFSR, rash, and pruritus varies considerably by drug. Our data suggest a continued need to address skin toxicities and improve reporting strategies.
Introduction
Tyrosine kinase inhibitors (TKIs) targeting the vascular endothelial growth factor receptor (VEGFR) are approved for the treatment of several aggressive malignancies [29, 31, 34, 36] . However, treatment with anti-VEGFR TKIs is limited by poor tolerability, including skin toxicity, that has resulted in rates of discontinuation in some cases exceeding those of conventional "cytotoxic" chemotherapy [30] .
Dermatologic side effects include rash, alopecia, depigmentation, pruritus, xerosis, acneiform rashes, and mucositis [11, 16, 19] . However, the most troublesome cutaneous side effect for most patients is often a hand-foot skin reaction (HFSR), characterized by painful, edematous, erythematous, and keratotic lesions on acral surfaces, particularly weightbearing sites, 1 to 6 weeks after therapy is initiated [11, 28] . Acral dysesthesia and paresthesia commonly precede the lesions [28] .
Electronic supplementary material The online version of this article (doi:10.1007/s00520-014-2520-9) contains supplementary material, which is available to authorized users.
HFSR occurring with anti-VEGFR TKIs can be distinguished clinically from hand-foot syndrome (HFS) associated with "cytotoxic" chemotherapeutic agents [15] . While HFSR produces localized, hyperkeratotic plaques on acral sites [18, 40] , HFS is marked by symmetric, desquamative erythema and edema not typically extending beyond volar and plantar surfaces [18, 19] . The mechanism of the HFSR is poorly understood [21] .
We undertook a meta-analysis of studies of TKIs with VEGFR inhibitory activity to determine the prevalence of skin toxicity among TKIs in clinical trials in the past 13 years and to examine individual skin toxicities and their relationship to each drug's in vitro multikinase inhibition profiles.
Material and methods

Data sources
A PubMed search was performed for articles published between January 2000 and March 2013 using generic drug names and original designations (e.g., "BAY734506") as keywords. When missing data were encountered, FDA package inserts were used as well as the adverse events listing in the "Results" tab of the ClinicalTrials.gov registry. Where adverse event data were reported below a particular threshold percentage, data were entered into the database as threshold %-1 % (e.g., if authors reported that HFSR occurred in <10 % of subjects, a value of 9 % was entered for that adverse event).
Study selection
The following inclusion criteria were applied to all identified clinical studies: (1) published in English, (2) phase II or III trial, (3) ≥50 patients in the safety analysis, and (4) ≥50 patients in the dose arm or schedule for that particular arm to be included. A minimum of 50 patients per study or treatment arm was used to limit the number of small trials. If one study arm met entry criteria but another did not, the arm with <50 patients was omitted.
Data extraction
Trials were reviewed independently by two study authors (P.M. and J.O.). The following data elements were abstracted: treatment, population under study, dose, administration method and schedule, year of publication, median date of patient enrollment, region of study, trial phase, trial design, the number of patients on study, and the number of patients evaluated in the safety analysis. Adverse events data included HFSR, pruritus, rash, diarrhea, fatigue, the number of patients who discontinued the trial, and the number of patients who underwent dose reductions.
Statistical analysis
Meta-analyses were performed on randomized studies that compared anti-VEGFR TKI therapy with a non-anti-VEGFR TKI therapy. For studies with more than two arms, each unique experimental/control arm combination was treated as a separate entry. The summary measure used for the pooling of studies in fixed effects (weighted with inverse variance) metaanalyses was an odds ratio (OR), and the DerSimonian-Laird method was used to estimate the between-study variance. A level of 0.95 was used to calculate confidence intervals for individual studies and pooled estimates. A value of 0.05 was added to all cell frequencies if at least one study had a zero cell count. When possible, drugs were organized according to the date of FDA approval.
Subgroup analyses were performed by specific TKI type and by anti-VEGFR TKIs use as monotherapy or in combination with a conventional chemotherapeutic agent. For forest plot analyses, all included trials used either placebo or non-VEGFR TKI as a control group.
Toxicity over time was assessed using linear regression of the proportions of adverse events against median study enrollment dates. Adverse events distributions among all studies, including single arm studies, were compared between anti-VEGFR TKIs by way of Tukey multiple comparisons of means (95 % family-wise confidence level). All statistical analyses and graphical generations were done using R version 2.15.3 (2013-03-01).
Data synthesis and assessment of study quality and bias Jadad's criteria was applied to assess for quality in randomized trials [14] . For non-randomized trials, the Newcastle-Ottawa scale (NOS) was applied [38] . Cochrane Collaboration's tool for assessing risk of bias was applied across multiple domains for each study. Statistical heterogeneity was determined by a chi-squared test. Tests for funnel plot asymmetry were only performed if the number of studies was ten or larger [37] . The score method was used to test funnel plot asymmetry [13] .
Results
Anti-VEGFR therapy is associated with skin and systemic toxicity
Eighty-two studies encompassing eight anti-VEGFR TKIs and 13,857 patients met inclusion criteria ( Fig. 1 ; Supplemental Table 1 ). Thirty-three (40 %) randomized trials met inclusion criteria for forest plot meta-analyses. In all analyses, similar results were observed using either a fixed effect or a random effect model, and fixed effect model data are reported in the results. The estimated effects of anti-VEGFR TKI intervention on rash, HFSR ( Fig. 2) , pruritus, and diarrhea are shown (Fig. 3, Supplemental Fig. 1 ). TKIs targeting the VEGFR were significantly associated with overall (all toxicity grades) rash (OR, 2.68; 95 % CI, 2.45-2.94), HFSR (OR, 2.70; 95 % CI, 2.43-3.00), and pruritus (OR, 1.25; 95 % CI, 1.12-1.39). Similarly, diarrhea (OR, 2.71; 95 % CI, 2.51-2.91) and fatigue (OR, 1.26; 95 % CI, 1.17-1.35) were more likely to occur with a TKI targeting the VEGFR than placebo. The overall OR for discontinuation of an anti-VEGFR TKI treatment was 1.63 (95 % CI, 1.48-1.79), and the overall OR for dose reduction was 3.56 (95 % CI, 3.08-3.90).
Comparison of cutaneous and systemic toxicities of anti-VEGFR TKIs
Six anti-VEGFR TKIs had sufficient data available from 78 trials for comparisons of toxicities (cabozantinib and regorafenib were not included due to a small number of trials) (Fig. 4) . The mean percentage of patients experiencing rash ranged between 13 % with pazopanib and 41 % with vandetanib. Overall, rash was significantly more common with sorafenib than with axitinib (p=0.01), pazopanib (p < 0.01), cediranib (p = 0.05), and sunitinib 
Randomized trials (n=47) Monotherapy trials (n=35) Combination trials (n=24) *One trial had arms with sorafenib and axitinib Fig. 1 Flow diagram of included studies. Flow diagram demonstrating the selection of trials in this review of the literature and meta-analysis Fig. 2 Hand-foot skin reaction. Note desquamative hyperkeratosis and erythema over pressure-bearing areas of the foot in a patient during treatment with sorafenib (p<0.0001). Vandetanib was associated with a higher risk of rash than sunitinib (p<0.0001), pazopanib (p<0.001), cediranib (p< 0.01), and axitinib (p =0.001). The mean incidence of HFSR ranged from 0 % for vandetanib to 37 % for sorafenib. However, there was no statistical difference between TKI groups in the multiple comparisons test. Sorafenib was the most frequent cause of pruritus (14 %). No statistically significant differences were detected with respect to pruritus, although there was a trend for sorafenib to cause pruritus more often than either cediranib (p=0.07) or pazopanib (p=0.053). Finally, patients taking cediranib were significantly more likely to experience diarrhea than patients taking sorafenib (p<0.001) or sunitinib (p<0.001). Box plots for six anti-VEGFR TKIs separated by grades 1/2 and 3/4 toxicities with respect to rash, HFSR, pruritus, and diarrhea are shown in Supplemental Fig. 2 .
Reported HFSR over time Time interval scatter plots were generated by plotting the percentage of patients with adverse effects versus the median date of patient enrollment from December 2002 to June 2010 (Fig. 5) . Scatter plots were generated for (1) all anti-VEGFR TKIs, (2) sunitinib, and (3) sorafenib. Sunitinib and sorafenib were chosen for individual review due to their long tenure in clinical use. Between 2002 and 2010, the overall incidence of HFSR for all anti-VEGFR TKIs showed a tendency to increase over time, but did not reach statistical significance (r 2 = 0.042, p = 0.10). Sunitinib showed a significant increase in HFSR over time (r 2 =0.237, p=0.04) while the incidence in patients receiving sorafenib remained constant (all toxicity grades of HFSR r 2 =0.003, p=0.8). In contrast, the cumulative incidence of all toxicity grades of diarrhea over the same time period was unchanged over time (r 2 =0.001, p=0.8), and the overall incidence of sunitinib and sorafenibassociated diarrhea were similarly stable (r 2 =0.007, p= 0.7 and r 2 =0.002, p=0.8). Scatter plots separating grades 1/2 and 3/4 toxicities over the same time are included in Supplemental Fig. 3 .
Cutaneous toxicity in combination therapy
The 33 randomized trials were dichotomized by the use of TKIs as monotherapy or in combination therapy with a non-TKI and were analyzed by tests for subgroup differences (Fig. 6) Data synthesis and assessment of study quality and bias
The 47 randomized controlled trials included in the analysis had an average Jadad score of 3.5 indicating a satisfactory quality level. No studies had a quality score below 3, and thus, none were excluded from consideration. Non-randomized trials were assessed using NOS criteria and had an average score of 7.5. Studies had a low risk of bias according to the Cochrane Collaboration's tool. Tests for statistical heterogeneity revealed significant heterogeneity in the meta-analyses, with I 2 values ranging from 60-90 % for all grade toxicities. However, when evaluated by individual drug, I
2 values decreased in most cases to 0 %. Examination of funnel plots and estimated degree of funnel plot asymmetry did not indicate evidence of reporting or publication bias. Only the data for diarrhea were found to have some evidence of asymmetry in the funnel plots.
Discussion
Although TKIs directed against the VEGFR are "targeted therapeutics," most inhibit a range of kinase receptors with varied potency and selectivity. The latter include plateletderived growth factor (PDGF), fibroblast growth factor receptor, epidermal growth factor receptor (EGFR), c-kit, Flt-3, and insulin-like growth factor receptor [5, 17] . These agents act by targeting the intracellular ATP-binding domain of the tyrosine kinase, preventing phosphorylation and downstream signaling [23, 35] . Rash, HFSR, and pruritus have emerged as a "class effect," impairing drug tolerability and contributing to dose reduction and treatment discontinuation [30] . However, the distinct multikinase inhibition profile of each agent may produce differences in the rate and severity of cutaneous side effects.
Of the commonly reported skin toxicities, HFSR is the most troublesome for patients and the most difficult to manage. We show here that the overall (all grade) incidence of HFSR may be increasing over time. One possible explanation for this observation is that physician experience and treatment success may be leading to more aggressive dosing. However, the overall incidence of diarrhea, a common systemic side effect, has remained unchanged over the same time period, suggesting that heightened clinical and detection of HFSR may also be responsible.
As multiple TKIs have demonstrated similar efficacy against some cancers [8, 25] , an awareness of specific cutaneous toxicity profiles of each drug may aid clinicians in the selection or adjustment of patients' therapeutic regimens based on quality of life concerns [24] . Sorafenib, for example, was associated with HFSR in 37 % of patients, compared to only 9 % of patients receiving pazopanib. In studies meeting our inclusion criteria, vandetanib was not a significant cause of HFSR.
The etiology of HFSR in association with anti-VEGFR TKI therapy is unclear. Bevacizumab, a monoclonal antibody against VEGF, is not associated with HFSR [2, 27] . Lacouture et al. proposed that VEGFR inhibition may be necessary but is not sufficient to cause HFSR and that platelet-derived growth factor receptor (PDGFR), which is expressed in vascular stroma, must also be inhibited [1, 12] . Support for this concept includes two observations: (1) sorafenib and sunitinib, the two anti-VEGFR TKIs most strongly associated with HFSR, inhibit both VEGFR and PDGFR [5, 6] , whereas vandetanib, which does not inhibit PDGFR, only rarely results in HFSR [17, 32] ; and (2) imatinib mesylate, a potent PDGFR inhibitor (but not VEGFR inhibitor) does not cause HFSR [4] . It has been proposed that a synergistic effect of inhibition of VEGFR and PDGFR leads to compromised capillary endothelium and poor reparative response to ordinary trauma at high friction areas, such as the hands and feet [6, 7, 11] . Therefore, counseling patients at risk of developing HFSR to take extra precautions to avoid trauma on acral surfaces (e.g., soft shoes, gloves) is prudent.
New TKIs with increased specificity for VEGFR have been developed with the hope of reducing or eliminating off-target side effects [11, 33, 39] . If dermatologic adverse events due to anti-VEGFR agents are related to an off-target multikinase inhibitory profile, one would then expect fewer side effects with more highly selective drugs. However, our data demonstrate that HFSR and other dermatologic adverse events continue to be a significant problem with these newer agents. For example, axitinib, which was approved by the FDA in 2012 for the treatment of metastatic renal cell carcinoma, is 100× more potent in some assays than sunitinib and is far more selective [17, 22] . Nevertheless, the two drugs cause HFSR at comparable rates. The failure of enhanced selectivity in reducing skin toxicity suggests the pathophysiology of HFSR, and other cutaneous toxicities of TKIs may lie in "on-target inhibition," particularly of the VEGF and PDGF receptors. This is consistent with reports that the development of HFSR significantly correlates with tumor response [26] . The finding that TKI treatment in combination with other chemotherapeutic agents did not increase the dermatologic side effects of TKIs also supports an "on target" mechanism rather than nonspecific drug toxicity.
Finally, our study suggests a high degree of variability in the reporting of dermatologic adverse events in oncology trials. For example, the OR of HFSR in patients ranged from 5.55 to 28.47 in randomized trials utilizing identical doses of sorafenib monotherapy [9, 10] . Several factors may be affecting the reproducibility of dermatologic adverse event reporting, including varied patterns of presentation and inherent subjectivity in dermatologic event grading. Further collaboration between dermatologists and oncologists is warranted to standardize diagnostic terminology in order to better capture the adverse event diversity inherent to this class of agents.
We cannot exclude the possibility that some of the results were confounded by heterogeneity in patient populations across the 82 studies we reviewed. This is of special concern with respect to ethnicity [20] and neoplasm type [7] -two factors that have been shown to independently influence the development of cutaneous toxicity in TKI therapy. In addition, our analysis is susceptible to challenges in interobserver clinical judgment, which we have highlighted in this discussion.
The management of cutaneous adverse events in cancer patients has emerged as a key issue in TKI therapy, which unlike conventional chemotherapy, is administered on a longterm basis [3] . Here, we have documented variability within the anti-VEGFR TKI class with respect to the incidence and severity of HFSR, rash, and pruritus as well as nondermatologic toxicities including diarrhea. This information may be of use to dermatologists as well as oncologists seeking to develop new approaches to prevent and treat these toxicities and diarrhea (d) by drug versus placebo, according to whether drug was given as monotherapy or in combination with conventional cytotoxic chemotherapy that in many cases limit the dose and duration of the therapy. Better supportive dermatologic treatments can improve the quality of life of cancer patients receiving anti-VEGFR TKIs and may allow for longer and more sustained treatment and improved survival.
